We present a study of the evolution of the column density distribution, f (N, z), and total neutral hydrogen mass in high-column density quasar absorbers using data from a recent high-redshift survey for damped Lyman-α (DLA) and Lyman limit system (LLS) absorbers. The observed number of LLS (N(HI)> 1.6 × 10 17 atom cm −2 ) is used to constrain f (N, z) below the classical DLA Wolfe et al. (1986) definition of 2 × 10 20 atom cm −2 . We find the evolution of the number density of LLS is consistent with our previous work but steeper than previously published work of other authors. At z=5, the number density of Lyman-limit systems per unit redshift is ∼5, implying that these systems are a major source of UV opacity in the high redshift Universe. The joint LLS-DLA analysis shows unambiguously that f (N, z) deviates significantly from a single power law and that a Γ-law distribution of the form f (N, z) = (f * /N * )(N/N * ) −β exp(−N/N * ) provides a better description of the observations. These results are used to determine the amount of neutral gas contained in DLAs and in systems with lower column density. Whilst in the redshift range 2 to 3.5, ∼90% of the neutral HI mass is in DLAs, we find that at z>3.5 this fraction drops to only 55% and that the remaining 'missing' mass fraction of the neutral gas lies in sub-DLAs with N(HI) 10
INTRODUCTION
One of the fundamental phenomena still poorly understood in cosmology is the detailed process relating to the origin of structure formation after the epoch of recombination. The basic dilemma is, that while the directly observable baryonic content of galaxies at the present epoch is concentrated in stars, in the past, logically, this must have been in the form of gas. Therefore the only way to obtain a self consistent and complete picture of the galaxy formation process is to combine studies of the star light and the star formation rate with studies of the gas content of the Universe to learn about the underlying metal production and gas consumption rates.
Quasar absorbers provide a powerful observational means to study the early stages of galaxy formation independently of their intrinsic luminosity. The hydrogen absorbers are normally divided into three classes according to their column density: damped Lyman-alpha (DLA) systems with N(HI) ≥ 2 × 10 20 atoms cm −2 ; Lyman-limit Systems (LLS) with N(HI) ≥ 1.6 × 10 17 atoms cm −2 ; and the Lyman-α Forest with N(HI) ranging from ≃ 10 12 to 1.6 × 10 17 atoms cm −2 . The damped Lyman-α absorption lines (DLAs) are of particular importance since they contain the bulk of the neutral gas in the Universe at high redshift and are the major observable baryonic component at these redshifts.
For historical reasons based on the observed HI column density distribution in local galactic discs, Wolfe et al. (1986) c 2001 RAS Figure 1 . Number of lyman-limit systems per unit redshift. The solid line is our fit for z > 2.4. The dashed lines are the double power law fits from Storrie-Lombardi et al. (1994) and the dashed-dot line is the fit from Stengler-Larrea et al. (1995) . The horizontal error bars are the bin sizes and the vertical error bars are the 1-σ uncertainties. The data are binned for display purpose only.
introduced a defining limit for DLAs of N(HI) ≥ 2 × 10 20 atoms cm −2 . This definition arises from the fact that 21 cm observations of local spirals show the column density drops sharply beyond this threshold. These systems exhibit strong damping wings, however, technically any absorption system with a doppler parameter b <100 km/s and N(HI) > 10 19 cm −2 will exhibit damping wings. As we will show, this 'low redshift' DLA definition needs to be extended at high redshift to include systems down to 10 19 atoms cm −2 . DLAs were originally thought to be the precursors of present day L * disk galaxies (Wolfe et al. 1986 ), a scenario which is supported by some current models (Prochaska & Wolfe 1998 ). However, Haehnelt, Steinmetz & Rauch (1998) and Ledoux et al. (1998) have shown that the rotating disk interpretation for DLA systems is not unique and that the velocity structure observed by Wolfe and co-workers can also be explained by infalling sub-galactic clumps in collapsing dark matter halos with virial velocities of ∼100 km sec −1 . LLS are a lower column density superset of DLAs, which at z < 1 are probably associated with galactic halos (Steidel, Dickinson & Persson 1994) . At high redshift LLS, irrespective of their physical nature, are an important contributor to the UV opacity of the Universe since they essentially block all radiation shortward of 912Å in the rest frame.
In this paper we present an analysis based on a new sample of high column density absorbers (DLAs and LLS) from a recently completed high-redshift survey (Peroux et al. 2001) The layout of this paper is as follows: §2 shows how the LLS can be used to constrain the cumulative number of absorbers above log N (HI) = 17.2 atom cm −2 and examines the redshift evolution of the column density distribution. The cosmological neutral gas evolution is presented in §3 and implications of our results on theories of structure formation are detailed in §4. Unless otherwise stated, this paper assumes ΩΛ = 0.7, ΩM = 0.3 and H0 = 65 km s −1 Mpc −1 .
COLUMN DENSITY DISTRIBUTION
Our new sample of high redshift Lyman-limits systems (Peroux et al. 2001 ) is combined with data collected from previous surveys ) in order to determine the number of LLS per unit redshift. We have chosen to use LLS with z ≥ 2.4 in our analysis because of the very small number of systems known at low redshift (0.4 ≤ z ≤ 2.4), all of which are below z = 1.1. In the case of our own optically selected quasars, objects with z < 4.2 are excluded in order to minimise any colour selection bias. Only LLS with optical depth τ > 1 are used which results in 67 systems in 124 non-BAL quasars, not within 3000 km s −1 of the quasar emission redshift. The latter systems are excluded as they might be associated with the quasar itself. Details on the LLS selection process and redshift estimates can be found in Peroux et al. (2001) . Our new sample adds 26 LLS systems at z>3.5 to the 11 systems used by Storrie-Lombardi et al. (1994) . The analysis follows that of Storrie-Lombardi etal(1994) and the LLS number density is fitted using a power law (1994) but there is a significant difference at high redshift when compared with the extrapolated results of StenglerLarrea et al. (1995) . This is not surprising since their analysis contained no data above z=3.5
We now analyse the combined samples of Lyman-limit systems and damped Lyman-alpha systems. The cumulative number of absorbers per unit distance interval for two redshift ranges is presented in Figure 2 . The absorption distance interval, dX, (Bahcall & Peebles, 1969; Tytler, 1987 ) is used to correct to co-moving coordinates and thus depends on the geometry of the Universe since
This equation differs from equation (3) in StorrieLombardi et al. (1996) in that we have included the terms for a non-zero Lambda Universe. The data with N(HI) ≥ 2 × 10 20 atom cm −2 are DLAs taken from our recent high-redshift survey (our observations more than double the redshift path surveyed at z > ∼ 3.5 -see Peroux et al. 2001) and from the literature (see Storrie-Lombardi & Wolfe 2000 for a summary). The power law fit to the observed number of LLS per unit redshift is used to calculate the expected number of LLS systems:
where zmin and zmax define the redshift path along which quasar absorbers were searched for. The LLS line profiles cannot be used to directly measure their column densities because in the range 1.6 × 10 17 to 2 × 10 20 atom cm −2 the curve of growth is degenerate. Nevertheless, the expected number of LLS provides a further constraint on the cumulative number of quasar absorbers and clear evidence that a simple power law is not a good represention of the observations. We thus choose to fit the data with a Γ-distribution (cf. Schechter(1976) function used in studies of the galaxy luminosity function) as introduced by Pei & Fall (1995) and Storrie-Lombardi, Irwin & McMahon (1996b) :
where N is the column density, N * a characteristic column density and f * a normalising constant. A maximum likelihood analysis is used to derive the parameters in various redshift ranges (see Table 1 ). The 1, 2 and 3-σ confidence contours are shown in Figure 3 for z < 3.5 and z > 3.5. The distributions are clearly different at the ∼3σ level and indicate that there are less high column density systems (N(HI) > 10 21 atom cm −2 ) at high-redshift,z>3.5, compared with 2<z<3.5 confirming the results from StorrieLombardi, McMahon & Irwin (1996a) and Storrie-Lombardi & Wolfe (2000) . Signifcantly, splitting the sample in the redshift range 2 to 3.5 reveals no significant evolution in the column density distributions below redshift 3.5.
COSMOLOGICAL MASS DENSITY EVOLUTION
The mass density of absorbers can be expressed in units of the current critical mass density, ρcrit, as:
where µ is the mean molecular weight and mH is the hydrogen mass. The total HI may be estimated as:
If a power law is used to fit f (N, z), up to 90% of the neutral gas is in DLAs (Lanzetta, Wolfe & Turnshek 1995) , although an artificial cut-off needs to be introduced at the high column density end because of the divergence of the integral. If instead a Γ-distribution is fitted to f (N, z) this removes the need to artificially truncate the high end column distribution and can be used to probe in more detail the neutral gas fraction as a function of column density and how this changes with redshift. Figure 4 shows the cumulative mass fraction as a function of column density for z > and < 3.5. At z > ∼ 3.5, up to 45% of the neutral gas is in systems with 10 19 < N (HI) < 10 20.3 . We refer to these systems as sub-DLAs. These observations supports a picture where at z>3.5, we are directly observing the formation of high column density neutral hydrogen DLA systems from lower column density units. The value of N * decreases by a factor of ≈5 from 1.6 × 10 21 atom cm −2 at z<3.5 to 2.9 × 10 20 atom cm −2 at z>3.5. Figure 5 displays ΩHI+HeII contained in DLAs (filled circles) and the total amount of neutral gas (DLAs plus subDLAs) for a non-zero Λ Universe (grey stars). Our observations are consistent with no evolution in the redshift range z= 2 to 5. Measurements at lower redshifts are paradoxically more difficult for several reasons: the observed DLA wavelengths are shifted to the UV requiring HST observations and the geometry of the Universe combined with the paucity of DLA systems requires the observations of many quasar line of sights. Recent work by Rao & Turnshek (2000) overcame these observational limitations by observing quasars with known MgII systems. They derive a surprisingly high ΩHI+HeII at z < ∼ 1.65 (open circles), although the uncertainties on these measurements remain large, mainly due to small number statistics.
DISCUSSION AND CONCLUSIONS
Our study is mainly based on optically selected quasars, so it is obvious that quasars that lie behind dusty DLA systems will be underepresented if they exist. Pei & Fall(1995) have used self-consistent closed-box/inflow-outflow galactic Figure 5 . The circles show the neutral gas in damped lyman-α galaxies in a Ω Λ = 0.7, Ω M = 0.3 and h = 0.65 Universe. Vertical error bars correspond to 1-σ uncertainties and the horizontal error bars indicate bin sizes. The light grey stars are the total HI+HeII including a correction for the neutral gas not contained in DLAs. The open circles at low redshift are the measurements from Rao & Turnshek (2000) . The triangle at z = 0 is the local HI mass measured by Natarajan & Pettini (1997) who used the most recent galaxy luminosity function to confirm results from Rao & Briggs (1993) . The squares, Ω F HP , Ω GO and Ω Cetal. (Fukugita, Hogan & Peebles 1998 , Gnedin & Ostriker 1992 and Cole et al. 2000 are Ω baryons in local galaxies. The Ω Cetal. error-bar plotted here does not include uncertainties in the galactic massto-light ratio. Semi-analytical models which vary in their recipe for star formation are overplotted (Somerville, Primack & Faber 2000) . These represent the cold gas (molecular plus neutral) and thus should lie above the observations. chemical evolution models to show that the fraction of missing DLAs at z = 3 ranges from 23% to 38%. However, dust is unlikely to be important at high-redshift because of the short time available for its production. Dust will have a larger effect at z=2 compared with z>3 and thus it could not cause the form of evolution in f(N,z) that we observe.
It is also possible that the overall cosmological evolution of ΩHI+HeII is dominated by feedback processes rather than by gas consumption due to star formation. The observed mass of HI at any redshift may relate more to the recombination timescale for the ionized HII and the timescale for cooling collapse into molecular hyhrogen(H2) and thereafter into stars. In addition models from Efstathiou (2000) indicate that DLA systems might predominantly be due to the outer parts of galaxies which do not even participate in star formation.
It can be seen in Figure 5 that Ωg is significantly below the current estimates of ΩM in stars in the nearby Universe. This is a significant change in the situation compared with Storrie-Lombardi et al. 1996c (Figure 1b) . The main reason for this change is that for the currently favoured Lambdadominated cosmology, the mass in HI at high redshift drops by a factor of ∼50% compared with an ΩM =1 Universe. This is purely a geometric effect and mainly affects the relative normalisation between z=2 and z=0.
In any case, the observations in the redshift range 2 to 5 show no evolution in the total amount of neutral gas in contrast to the earlier results of Lanzetta, Wolfe and Turnshek(1995) , who found that ΩHI (z∼3) was twice ΩHI (z∼2). Under simple assumptions of closed box evolution, this could be interpreted as indicating there is little gas consumption due to star formation in DLA systems in this redshift range. Similarly, at z > 2, Prochaska, Gawiser & Wolfe (2001) conclude that there is no evolution in the metallicity of DLA systems from column density-weighted Fe abundance measurements in DLAs. Since metallicity studies focus on the higher column density systems they may be giving a biased or incomplete view of global galactic chemical evolution at z>3. These metallicity evolution results are still very much open to debate as another study by Savaglio (2000) shows that the metallicity content of DLAs and sub-DLAs does decrease with redshift when one excludes the highest column density systems (N(HI)> 6 × 10 20 ) from the analysis. It is important to note that at z>3.5, 90% of the HI lies below this limit. Moreover, the current practice of using column density weighted metallicities neglects the fact that the metallicity observations are biased towards high HI column density systems and hence do not necessarily trace the global metallicity evolution.
At low-redshift, recent measurements of ΩHI+HeII together with 21 cm emission observations at z = 0 imply extremely efficient star formation. The high ΩHI+HeII derived by Rao & Turnshek (2000) at z < ∼ 1.65 may be affected by small number statistics, gravitational lensing, or evolution in the DLA/MgII conversion ratio.
Nevertheless, since DLAs are the most directly observable baryonic mass systems at high redshift, their properties are an important constraint for theories of galaxy formation (Kauffmann & Charlot 1994 , Kauffmann & Haehnelt 2000 . For example, Somerville, Primack & Faber (2000) have used the integrated total neutral gas (HI+HeII) to constrain models ( Figure 5 ) which vary in their recipes for star formation (due to collisional starburst, constant efficiency quiescent star formation or accelerated quiescent star formation). The models take into account the "cold gas" which includes neutral as well as molecular gas.
To summarise, we find that at z>3.5 the fraction of neutral gass mass in DLAs above the commonly used Wolfe et al. (1996) DLA definition of N(HI)> 2 × 10 20 atom cm
is only 55% compared with ∼90% at z<3.5 and that the remaining fraction of the neutral gas mass lies in systems below this limit, in "sub-DLAs" with column density 10 19 < N(HI) < 2 × 10 20 atom cm −2 . We also find that the total mass is conserved over the redshift range 2 to 5. This is strongly indicative that we are observing the assembly of high column density systems from lower column density units and independently of the precise physical nature of damped lyman-α shows that we are observing the epoch of their formation or initial collapse. A systematic study of the kinematic and metallic properties of DLA systems with z>3.5 and N(HI) above 10 19 atom cm −2 is an obvious program for the new generation of echelle spectographs on 8m class telescopes. It will also be important to directly establish the N(HI) column density distribution function below 2 ×10 20 atom cm −2 . We are currently undertaking such a program using VLT UVES archival echelle data of high redshift quasars. The data used for the analysis in this paper is available from http://www.ast.cam.ac.uk/˜quasars.
